Magnesium borates are one of the major groups of boron minerals that have important properties such as high heat and corrosion resistances and high coefficients of elasticity. In this study, magnesium borate minerals are synthesized using boric acid and magnesium oxide with a new method of microwave, and the synthesized minerals are characterized by various analysis techniques. The results show that pure, "magnesium borate hydrate" minerals are obtained at the end of various steps. The characterization of the products is determined with the techniques of X-Ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FT-IR), Raman Spectroscopy, and Scanning Electron Microscopy (SEM). Additionally, overall "magnesium borate hydrate" yields are calculated and found about 67% at 270 W, 8 minutes and 360 W, 3 minutes of reaction times, respectively.
Introduction
The boron reserves of the world are majorly located in Turkey, Russia, and USA. The total amount of these reserves is known as 1.2 billion tons, 72.2% of which is present in Turkey, 8 .5% in Russia, and 6.8% in USA. When compared with other boron minerals, magnesium borates are less refinely produced and this production takes place at the region of Liao-Dong peninsula, adjacent to North Korea part of China. The production method is mainly mining from the subterranean or production from the sea water with double salt transformation [1] .
Magnesium borates can be used as an alternative magnesium and/or boron source, other refined borates, or metal borates. Their application areas involve ceramic industry, detergent industry, fire-retardants, lens solutions, superconducting materials production, hydrocarbon catalysts, additive, or oils for friction reduction agents, due to their superior properties such as high elastic coefficient, resistance to dust, and high resistance to heat. In addition to the aforementioned application areas, magnesium borates can also be used as a neutron and gamma radiation shield material, owing to the high percentage of boron elements and crystal waters present inside [1] [2] [3] .
There are lots of magnesium borate minerals synthesized from different methods or acquired naturally with different compositions, which can be used for various applications. Hydroboracite (CaMgB 6 O 11 ⋅6H 2 O) and szaibelyite (Mg 2 B 2 O 5 ⋅H 2 O) are the natural types of commercial magnesium borate minerals. Besides them, the closed formulas of the synthesized magnesium borate minerals can be given as MgO⋅(
Since szaibelyite, boracite, and chloropinnoite, the most known type of magnesium borates, are found in China, the synthesis studies are done mostly in this region [4] .
In the microwave method, which can be included in the solid-state method, the boron and magnesium sources are mixed homogeneously at their solid form, and then react with each other at a microwave furnace in an air atmosphere. Using the solid-state method many types of dehydrated magnesium borates are synthesized in literature. [11] . Zhang et al. synthesized 100-300 nm particle sized Mg 3 B 2 O 6 with a quartz furnace at 1100 ∘ C for 90 minutes of reaction time [12] . There are several other studies including magnesium borate synthesis for the method of solid-state [13] [14] [15] [16] . Among all of these studies only the two of them contain the microwave method. Guler et al. used magnesium oxide and boric acid as a starting materials and used a synthesis procedure at 700 W power and 10 minutes of reaction time, but the synthesized products were found as amorphous [6] . Ay used a same procedure with Guler et al.; in his study he used Mg(NO 3 ) 2 ⋅6H 2 O as magnesium source and the final products are found to be again amorphous [11] .
As it is seen from the literature, various types of starting materials for magnesium borates are studied with the solidstate method. Only two studies included the microwave energy; however, their results are not promising. In this study, the production of crystalline magnesium borates is aimed for the method of microwave energy. Some preliminary experiments are done [17] and it is seen that the crystalline formation of magnesium borates is possible with this method. 
Materials and Methods

Preparation and
Microwave Synthesis of Magnesium Borate Hydrates.
These syntheses are made through 4 steps. In the first step, the magnesium oxide and boric acid mole ratio is selected as 1 : 1. Then the mixtures are mixed homogeneously and pelleted with Manfredi brand OL57 model press equipment at a pressure of 100 bars. In this step, the microwave power is selected as 270 W and 360 W. The reaction time is selected as 2, 5, and 8 minutes. The syntheses are made with using alumina coated ceramic crucibles. From the results of the first step experiments, the second step is planned. In second step, 270 W power and 8 minutes of reaction time are set as constant and the mole ratio of magnesium to boron was scanned from 2 : 1 to 1 : 10. In the third step the best mole ratio from the second step is kept constant, and the power and reaction temperatures are varied. At 270 W the reaction time is selected between 6 and 12 minutes, whereas at 360 W, the reaction time is selected between 1 and 4 minutes and at 600 W, the reaction time is selected between 0.5 and 2 minutes. At the last step, the best results from the 270 W, 360 W, and 600 W power are selected and washed with pure ethanol solution (96%) in order to eliminate the excess boric acid from the products.
Reaction Yields.
In the case of reaction yield based on molar flow rates, the overall yield, , is defined as the ratio of moles of product formed at the end of the reaction, , to the number of moles of the key reactant, , that have been consumed.
0 and are the initial and final moles of consumed reactant, respectively. For a batch system [18] :
Using magnesium oxide as the key reactant, five parallel experiments were conducted.
Characterization of the Synthesized Products.
To identify the synthesized magnesium borate minerals, X-Ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FT-IR), and Raman Spectroscopy techniques are used with the parameter sets previously mentioned in Section 2.1.
To evaluate the commercial values of the boron minerals, their boron oxide (B 2 O 3 ) contents must be known. In order to achieve this, 1 gram of produced magnesium borates, obtained from step 4, is dissolved in 3 mL, 37% HCl solution and diluted to 100 mL with pure water (18.3 mΩ⋅cm) obtained from Human Power I + Water Purification System. Pure boric acid is also used for the reference material at the same conditions. Then NaOH solution with known molar value is used with Metrohm brand 794 Basic Titrano model titration equipment, for the titrations. After the titrations, the boron oxide contents of step 4 synthesized minerals are calculated.
Lastly to identify the morphology and particle size of the synthesized step 4 minerals, CamScan Apollo 300 fieldemission Scanning Electron Microscopy (SEM-EDX) is used at 20 kV. Back Scattering Electron (BEI) detector is used and the magnifications were set between 5000 and 10000x.
Results and Discussion
X-Ray Diffraction
Results. The reactants used in the experiments are analyzed and found to be "Periclase [MgO]" and "Sassolite [H 3 BO 3 ]" with reference codes of 01-077-2179 and 01-073-2158, respectively. XRD results of step 1 and step 2 products are shown in Table 1 .
Step 3 and step 4 products are shown in Table 2 . XRD patterns of step 4 minerals are given in Figure 1 .
From the first step results it is seen that the magnesium borate formation started after the reaction time of 2 minutes at 270 W and turned to the amorphous phase after 8 minutes of reaction time, at 360 W power. The crystal scores are increased for the reaction time of 5 to 8 minutes at 270 W power and decreased for the reaction time of 2 to 5 minutes at 360 W power. The maximum formation is seen on 270 W, Since at the ratios of 2 : 1 to 1 : 2 excess magnesium oxide are used, periclase peaks are predictable. But between the ratios of 1 : 4 and 1 : 10 excess boric acid is used. At the ratios of 1 : 4 and 1 : 8 the crystal scores of "magnesium borate hydrate" are 52 and 51, respectively, and these ratios crystal scores are higher than the other scores. So at step 3 the ratio of 1 : 4 is selected as constant and power and reaction times are varied. At step 3, three different microwave powers are used which are 270, 360, and 600 W. For 270 W the reaction times are selected 6 to 12 with a step increase of 2 minutes. For 360 W the reaction times are set as 1 to 4 with a step increase of 1 minute, and at 600 W reaction times are set between 0.5 and 2 minutes, with a step increase of 0.5 minutes. The highest crystal scores of "magnesium borate hydrate" are obtained as 52, 47, and 44 with 270, 360, and 600 W power, respectively. But at all these experiments the sassolite peaks are seen, because of the excess boric acid amounts. In order to get rid of these sassolite peaks and purify the "magnesium borate hydrate" minerals, the minerals are washed with 96% ethanol in step 4. Then it is seen that the crystal scores of "magnesium borate hydrate" minerals are obtained as 69 at 270 W, 61 at 360 W, and 65 at 600 W.
FT-IR, Raman, B 2 O 3 , SEM, and Overall Yield Results.
FT-IR and Raman spectroscopic data for synthesized "magnesium borate hydrate" minerals at step 4 are presented in Figures 2 and 3 , respectively. B 2 O 3 results and SEM Figure 2 : FT-IR spectrums of the synthesized "magnesium borate hydrate" minerals after step 4.
morphology photos are also given in Table 3 and Figure 4 through Figure 6 , respectively. According to the FT-IR spectrums, the peak values of 1410 and 1408 cm In Figure 4 , minerals produced at a power of 270 W and 8 minutes of reaction time are shown with a magnification of 5000x and 10000x; here, "magnesium borate hydrate" minerals are crystallized in rectangular shapes and their particle sizes are found between 202.81 and 742.46 nm. In In Figure 6 , minerals produced at a power of 600 W and 1 minute of reaction time are shown at a magnification of 5000x and 10000x; here, "magnesium borate hydrate" minerals are agglomerated and some tubular rectangular shapes are formed. Their particle sizes are found between 293.99 nm and 1.19 m. Overall "magnesium borate hydrate" yields are obtained from the excess boric acid amounts that have been calculated from the washing step, to be 67.37 ± 0.02% and 67.54 ± 0.33% at 270 W, 8 minutes and 360 W, 3 minutes of reaction times, respectively. The standard deviation likely occurred due to the experimental errors during the filtration processes. At 600 W, 1 minute of reaction time the overall yield is far more than the other reaction yields. So 600 W, 1 minute reaction time is not a reasonable process.
Conclusions
In this study, the reactants of magnesium oxide and boric acid are used to produce magnesium borate hydrate by the microwave method at different microwave powers and reaction times. The synthesized minerals are characterized, and the results show that the properties of the synthesized "magnesium borate hydrate" minerals are in good agreement with those in the literature. The major result from this study, obtained from XRD analysis, is that the "magnesium borate hydrate" minerals can be easily synthesized at microwave power and reaction times of 270 W, 8 minutes and 360 W, 3 minutes. FT-IR and Raman results show that the synthesized minerals had the characteristic peaks of magnesium borates. Additionally, the synthesized minerals had B 2 O 3 contents between the values of 51.73 ± 0.75% and 55.17 ± 0.62%, which are comparable to the reported B 2 O 3 content of 50-55% in magnesium borates. Additionally, it is seen from the SEM images that the particle sizes of the minerals are found as nanoscale at 270 W, 8 minutes and 360 W, 3 minutes. From the overall yield of the 270 W, 8 minutes and 360 W, 3 minutes reaction time synthesized "magnesium borate hydrate" minerals at about 67%. For such low reaction times and microwave powers, this overall yield is a great value. In this study 600 W, 1 minute of reaction time is also studied and characterized but it had a lower overall yield, when compared with the other two minerals.
